Abstract

22
Every year over two hundred million people are infected with the malaria parasite. Renewed 23 efforts to eliminate malaria has highlighted the potential to interrupt transmission from humans 24 to mosquitoes which is mediated through the gametocytes. Reliable prediction of transmission 25 requires an improved understanding of in vivo kinetics of gametocytes. Here we study the 26 population dynamics of Plasmodium falciparum gametocytes in human hosts by establishing a 27 framework which incorporates improved measurements of parasitaemia in humans, a novel 28 mathematical model of gametocyte dynamics, and model validation using a Bayesian 29 hierarchical inference method. We found that the novel mathematical model provides an 30 excellent fit to the available clinical data from 17 volunteers infected with P. falciparum, and 31 reliably predicts observed gametocyte levels. We estimated the P. falciparum's sexual 32 commitment rate and gametocyte sequestration time in humans to be 0.54% (95% credible 33 interval: 0.30-1.00) per life cycle and 8.39 (6.54-10.59) days respectively. Furthermore, we used 34 the data-calibrated model to predict the effects of those gametocyte dynamics parameters on 35 human-to-mosquito transmissibility, providing a method to link within-human host kinetics of 36 malaria infection to epidemiological-scale infection and transmission patterns. 37 38 genus. It is estimated to have caused approximately 219 million new cases and 435,000 deaths 40 (primarily due to Plasmodium falciparum) in 2017 1 . New tools will be required to achieve the 41 ambitious goal of malaria elimination. Among tools proposed are novel interventions to block 42 transmission of infection from human hosts to vector mosquitoes 2 . Falciparum malaria is 43 transmitted from the human host to the mosquito when terminally differentiated male and female 44 sexual stages of the parasite, called gametocytes, are taken up by the female Anopheles mosquito 45 during a blood meal 3, 4 . The level of gametocytes in the blood, often referred to as 46 gametocytaemia, is highly associated with the probability of human-to-mosquito transmission 5, 6 . 47
Gametocyte levels below a certain threshold (i.e. < 1000 per mL blood) minimise the probability 48 for a mosquito to take up both a male and female gametocyte during a blood meal, necessary to 49 propagate infection 7 . An accurate understanding of the kinetics of gametocytes in human hosts is 50 essential to predict the probability of transmission. A mathematical model that accurately 51 captures the processes that give rise to observed gametocyte kinetics would be an important 52 predictive tool to facilitate the design of effective intervention strategies. 53
Nonetheless, there is significant uncertainty surrounding fundamental aspects of Plasmodium 54 falciparum gametocyte population dynamics in humans. Parameters such as how many 55 gametocytes are produced during each asexual life cycle, the period of time in which early 56 gametocytes disappear from the circulation before mature gametocytes appear (referred to as 57 sequestration), and the period in which gametocytes circulate are poorly quantified. These gaps 58 in understanding are due to a range of technical and logistic limitations. The first is the relatively 59 poor sensitivity of the standard diagnostic test, namely microscopic examination of blood films. 60
In vivo estimates of gametocyte kinetic parameters have been primarily based on historical data 61 known as controlled human malaria infection (CHMI) studies, allow prospective study design 71 and data collection with the explicit aim of collecting in vivo data 13 , in particular an improved 72 quantification of P. falciparum gametocyte kinetics by qPCR applied in a novel VIS 7 . 73
Furthermore, the models and fitting methods used in the neurosyphilis patient studies have been 74 superseded for parameter estimation by increasingly sophisticated within-host models 14 and 75 improvements in computational algorithms for Bayesian statistical inference 15 . Therefore, there 76 is an emerging opportunity to improve our quantitative understanding of the population 77 dynamics of P. falciparum gametocytes in human hosts by combining the novel VIS data and 78 advanced modelling approaches. 79
In this paper, we developed a novel mathematical model of gametocyte dynamics, fitted the 80 model to the VIS data and estimated the gametocyte dynamics parameters using a Bayesian 81 hierarchical inference method (details are given in the Materials and Methods). We demonstrate 82 that the data-calibrated model can reliably predict the time course of gametocytaemia and thus 83
should form an essential part of modelling studies of malaria transmission. 84 gametocytaemia data (circles). We emphasise that this was not a fitting exercise, rather an 109 independent validation of the calibrated model. the asexual parasitaemia reaches below the detection limit, indicating that there was a small 134 chance that the patients may have suffered a recrudescence during the observation period (of 135 course, they did not) or after the observation period (although this predication cannot be 136 evaluated because artemisinin combination therapy was given immediately after the period). 137
Despite the above discrepant observations for asexual parasitaemia, the model predictions of 138 gametocytaemia are very consistent with the data for all 17 volunteers, as shown in Figure 3 . 139
Estimation of gametocyte population dynamics parameters
140
The model calibration process provided the joint posterior density for the model parameters, 141 which were used to estimate some key biological parameters governing the population dynamics 142 of P. falciparum gametocytes (see the Material and Methods for details). As shown in Table 1 , 143 the sexual commitment rate -the percentage of asexual parasites entering sexual development 144 during each asexual life cycle -is estimated to be 0.54% (95% credible interval (CI): 0.30%, 145
1.00%). This in vivo estimate is much lower than 11% that was estimated from in vitro data 11 . 146
The gametocyte sequestration time is the average time that immature gametocytes (stages I-IV) 147 cannot be observed in the peripheral circulation and was estimated to be 8.39 days (95% CI: 148 6.54, 10.59 days). The estimate for the circulating gametocyte lifespan is 63.5 days, with a broad 149 95% CI (12.7 to 1513.9 days) resulting from the long-tailed posterior distribution (see Figure S1 , 150
Supplementary Information) and is much longer than the previous in vitro estimate of 16-32 151 days 12 (note that our lower bound of the 95% CI is lower than the in vitro estimated range). The 152 wide estimate for the circulating gametocyte lifespan, and in particular the high upper bound of 153 the 95% CI, is primarily due to the limited observation time in the VIS as explored in more detail 154 in the Discussion. 155 
163
As shown in Table 1 , there are both similarities and differences in parameter estimates for P. 164 falciparum based on our analysis and the analysis of historical neurosyphilis patient data 9 . We 165 found that they exhibited very similar in vivo sexual commitment rate (median 0.54% vs. mean 166 0.64% with overlapping plausible ranges) and gametocyte sequestration time (median 8.39 days 167 vs. mean 7.4 days with overlapping plausible ranges). On the other hand, we found that the 168 circulating gametocyte lifespan for P. falciparum was much longer than that estimated from the 169 neurosyphilis patient data 9 (median 63.5 days vs. 6.4 days with very different ranges). 170
Finally, we provided an estimate for the parasite multiplication factor, an important parameter 171 that quantifies the net replication rate of asexual parasites and also influences the rate of 172 gametocyte generation. Our posterior-median estimate is 21.8 parasites per life cycle (95% CI: 173 17.6, 26.9), consistent with previous estimates which lie in the range 10-33 16 , and a bit larger 174 than an updated estimate calculated from a pooled analysis of parasite counts from 177
Predicting the impact of gametocyte kinetics on human-to-mosquito 177 transmissibility
178
Having validated our mathematical model of asexual parasitaemia and gametocyte dynamics, we 179 were able to predict how the gametocyte dynamics parameters influence the transmissibility of P. 180 falciparum malaria from humans to mosquitoes in various epidemiological scenarios. In 181 particular, we focused on the early phase of infection where the innate immune response is 182 minimal and treatment has not been administered (in order to avoid complications that our 183 mathematical model was not designed to capture). Two scenarios were considered: 184
• Predicting the potential infectiousness of newly hospitalised malaria patients for various 185 values of sexual commitment rate and gametocyte sequestration time. In the model, 186 gametocytaemia was assumed to be a surrogate of the potential infectiousness and newly 187 hospitalised patients were assumed to exhibit a total parasitaemia of approximately 10 Figure 4C shows that a higher sexual commitment rate or a lower gametocyte sequestration time 219 leads to a higher gametocytaemia (Gc) at the time of hospitalisation. The red curve in Figure 3C  220 indicates the level curve of 10 3 gametocytes/mL (i.e. the threshold for infectiousness as 221 mentioned above) dividing the heatmap into two regions. To the left, Gc is below 10 3 222 gametocytes/mL, suggesting clinical presentation precedes infectiousness, while to the right Gc is 223 above 10 3 gametocytes/mL and the converse applies. The Gc value obtained by model simulation 224 using the median estimates of the population mean parameters (indicated by the black dot) is 225 below 10 3 gametocytes/mL, suggesting that newly hospitalized malaria patients are less likely to 226 be infectious, and thus efforts to identify and treat infections in a timely manner may have a 227 substantial impact in terms of reduced transmission potential. 228 Figure 4D reinforces the result in Figure 4C using the non-infectious period (tc). As the sexual 229 commitment rate increases or the gametocyte sequestration time decreases, tc decreases. 230
However, for relatively large values of the sexual commitment rate (e.g. > 20%), we observed an 231 increase in tc as the sexual commitment rate increases (see the top-right corner of Figure 4D) . 232 This is because an increased fraction of sexual conversion can lead to both a decrease in the rate 233 of asexual parasite growth and an increase in the number of sexual parasites, and the impact of 234 the former more than counterbalances that of the latter. 235
Discussion
236
We have developed a novel mathematical model of gametocyte dynamics, that integrates both 237 multi-state asexual parasite's life cycle and the development of gametocytes for the first time. 238
Model parameters were estimated by fitting the model to data from 17 malaria-naïve volunteers 239 inoculated with P. falciparum-infected red blood cells (3D7 strain). Compared to previous 240 studies, our work is distinguished by three novel contributions: (1) the use of a prospectively 241 planned clinical trial to collect more accurate quantitative data of parasite levels measured by 242 qPCR; (2) the development of a novel population dynamics mathematical model which allowsestimation. 246
For gametocyte kinetic parameters, we found that our in vivo estimate of the P. falciparum 247 sexual commitment rate was similar to that found in the neurosyphilis patient data 9 but was much 248 smaller than previous in vitro estimates (see Table 1 ). Novel VIS data using biomarkers specific 249 to early sexual parasites (e.g. PfGEXP5 19 ) may help to validate and improve our in vivo estimate. 250
Furthermore, our in vivo estimate of the circulating gametocyte lifespan is substantially larger 251 than previous in vitro estimates and is also larger than that found in the neurosyphilis patient 252 data 9 (see Table 1 ). One way to improve our in vivo estimate would be to use new P. falciparum 253 data with gametocytaemia measurements over a longer period of time to capture the natural 254 decay of circulating gametocytes, which was not observed in the current VIS data (see Figure 3) . 255
We also predicted the effects of altered gametocyte kinetic parameters on the transmissibility 256 from human to mosquito, focusing on two scenarios: the infectiousness of newly hospitalised 257 malaria patients (i.e. the gametocytaemia when asexual parasitaemia first reaches a hospitalised 258 level of 10 8 parasites/mL in the model); and the non-infectious period of malaria patients (i.e. the 259 time from the inoculation of infected red blood cells to the time when the gametocytaemia reach 260 a transmission threshold of 10 3 parasites/mL in the model). We explored how the sexual 261 commitment rate and gametocyte sequestration time influenced the gametocyte level and the 262 non-infectious period. We would like to emphasize that human-to-mosquito transmissibility is 263 determined by both the gametocytaemia level in humans and the relationship between 264 gametocytaemia and the probability of transmission per bite. A reliable prediction of the former 265 is essential but not a sole determinant of transmissibility. Therefore, it is also important to 266 improved our quantitative understanding of the latter, which could be complicated and also 267 determined by the densities of female and male gametocytes 5,6,20 . 268
Our study has some limitations. The gametocyte population dynamics model, that has been 269 shown to have sufficient complexity to reproduce the clinical observations, is still a rather coarse 270 simplification of the actual biological processes. For example, the model does not assume an 271 adaptive sexual commitment rate 21 , nor does it consider the mechanisms of sexual 272 commitment 22 . Furthermore, the model assumes a constant gametocyte death rate but does not 273 consider other non-constant formulations as have been previously proposed 8 . Another limitationour group suggests that the life cycle may be altered by up to a few hours in response to 276 antimalarial drugs (e.g. artemisinin 23, 24 ), although it is not known if piperaquine (which was 277 administered in this VIS) has a similar effect. 278
In conclusion, we have developed a novel mathematical model of gametocyte population 279 dynamics, and demonstrated that it reliably predicts time series data of gametocytaemia. The 280 model provides a powerful predictive tool for informing the design of future volunteer infection 281 studies which aim to test transmission-blocking interventions. Furthermore, the within human 282 host transmission model can be incorporated into epidemiological-scale models to refine 283 predictions of the impacts of various antimalarial treatments and transmission interventions. 284
Materials and Methods
285
Study population and measurements
286
The data used in this modelling study are from a previously published VIS 7 where 17 malaria-287 naïve volunteers were inoculated with P. falciparum-infected red blood cells (3D7 strain). The The data contain the measurements of total parasitaemia (total circulating asexual parasites and 296 gametocytes per mL blood), asexual parasitaemia (circulating asexual parasites per mL blood), 297 gametocytaemia (circulating female and male gametocytes per mL blood) and plasma 298 concentration of PQP, at multiple time points after inoculation (see Based on Figure S3 , the model is formulated to be a system of ordinary differential equations: 375
376 The model parameters were obtained by fitting the model output ( ) to the PQP concentration 382 data from the VIS in MATLAB (version 2016b; The MathWorks, Natick, MA) using lsqcurvefit. 383
The MATLAB code (with detailed comments) are publicly available at 384 https://doi.org/10.26188/5cde4c26c8201. Note that for volunteers whose number of data points is 385 less than the number of parameters in the PK model (such that optimization fails), the parameter 386 values are given by the estimates from another VIS (provided by Thanaporn Wattanakul and Joel 387 Tarning). The best-fit curve and associated parameter values for all volunteers are provided in 388 Figure S2 and Table S1 in the Supplementary Information. 389
Fitting the model to parasitaemia data 390 We took a Bayesian hierarchical modelling approach 27 to fit the gametocyte dynamics model to 391 the data from all 17 volunteers. In detail, each volunteer has 12 model parameters (i.e. those in 392 Table 2 except % and $ ; also called the individual parameters) and lower and upper bounds of 393 the parameters are given in Table 2 . If denoting the individual parameters to be )*B and lower 394 and upper bounds to be $ and x respectively, the following transformations are used to convert 395 the bounded individual parameters to unbounded ones (denoted by )*B ) in order to in order to 396 improve computational efficiency 28, 29 : 397 The posterior prediction and 95% prediction interval (PI) are given by the median and quantiles 431 of 2.5% and 97.5% of the 5000 model outputs at each time respectively (see Figure 1-3 for  432 example). 433
The estimates of some key biological parameters (Table 1) The gametocyte dynamics model with parameters given by the median estimates of the 443 population mean parameters was used to simulate the two scenarios predicting the dependence of 444 human-to-mosquito transmissibility on the sexual commitment rate and gametocyte sequestration 445 time (Figure 4) . 446
Final analysis and visualization were performed in MATLAB. All computer codes (R, Stan, 447 MATLAB), data and fitting results (CSV and MAT files) and an instruction document (note that 448 reading the document first will make the code much easy to follow) are publicly available at 449 https://doi.org/10.26188/5cde4c26c8201. 450
